5 The deployable hind wings of the Asian ladybird beetle (Harmonia axyridis) play important roles 6 in their flight. Wrinkle structures of veins are found on the bending zones of the hind wings of H. 7 axyridis. This paper investigates the effect of the wrinkle structures of the veins of the hind wing on its 8 deformation. Based on the nanomechanical properties of the veins, morphology of the hind wing,
1 0 membranes, we establish four three-dimensional coupling models for hind wings with/without wrinkles 1 1 with different and uniform reduced modulus. Relative to the bending and twisting model shapes, Model 1 2 I, which includes the wrinkle structure and different reduced-modulus veins, has much more flexibility Young's modulus of the specimen and indenter, respectively; A is the resultant projected contact area 1 0 6
between the tip and the sample surface; P max is the maximum indentation force; and β is 1.034 for the 1 0 7
Berkovich tip (King, 1987) , which is a constant related to the tip geometry. S = dP/dh is defined as the assumed to be uniform from the base to the tip, and the veins are assumed to be smooth circular pipes.
2 3
The material properties of veins are designed as the real circumstance. The membrane wings of the four 1 2 4 6 models are assumed to have identical thicknesses and material properties and to be flat. The diameters 1 2 5 of the veins (R) are assumed to be 0.047 mm, the inner diameters (r) are 0.023 mm, and the thickness 1 2 6 of the wing membrane is assumed to be 0.01 mm. The wing models shown in Fig. 3 approach realism 1 2 7 since they consist of a flat uniform membrane, a limited number of veins, and a uniform thickness. 
3 3
As Fig. 4 shows, the vein models with/without wrinkles are designed using the SEM images In this study, we only focused on comparing three wing models. Hence, the modulus of the 1 5 5 membrane and veins does not affect the direction of deformation. Thus, the membrane materials are 1 5 6 assumed to be isotropic and homogenous and to represent the average reduced modulus of the 1 5 7
membrane.
1 5 8
The costal margin of the hind wing can rotate relative to the base of the leading edge vein (Betts, 1 5 9 1986a). The twisting force is assumed on the ScP and AA with the pressure, and the bend force is 1 6 0 assumed on all of the veins with the pressure.
6 1
The hind wing models are fixed at the wing base with zero displacement and rotation. The 1 6 2 bending and torsional moments induced by the aerodynamic forces during flight are predominantly 1 6 3 carried by the longitudinal veins (Haas and Wootton, 1996) . There is a main longitudinal vein in the 1 6 4
hind wings of H. axyridis in our models. Therefore, assuming the same aerodynamic lift generated by 1 6 5 the hind wings, we can expect that the part of hind wings modelled in our study is subjected to an 1 6 6 aerodynamic force that is almost equal to the insect body weight (23 mg hind wing is approximately 18.41 mm 2 , as shown in Fig. 2A . The equivalent pressure on the hind wing 1 7 0 is 6.25×10 -6 MPa, and the applied force is set on the end of the vein with wrinkle as 2.3×10 -4 μ N. As 1 7 1 Fig. 5 shown, the schematic diagram shows the force application on hind wing for bending and twisting To analyze the nanomechanical properties of the veins, the structure of the hind wing and veins 1 7 8
are analyzed, and the reduced modulus is measured. Poisson's ratio is assumed to be 0.25 (Saha and 1 7 9 Nix, 2002; Bell et al., 1992) , which is unknown. In formulas (1) and (2) The mean reduced modulus (E) and hardnesses (H) of ten zones of the hind wing are shown in Fig.   1 9 9
6. The reduced modulus widely varies with the vein location. In these ten zones, E is 2.29± 0.18 GPa, The models of the veins with different reduced modulus are used to compare the displacement of 2 1 9
the hind wing with that of the similar models of the veins with the uniform reduced modulus during 2 2 0
hovering. As Fig. 7,8 shows, the maximum deformation also appeared at the red regions of the tip of 2 2 1 the hind wing, and the minimum deformation is found at the base of the dark blue regions of the hind 2 2 2
wing. Furthermore, the base of the wing is constrained so the minimum deformation occurs here. From 2 2 3 the base to the apex of the hind wing, the deformation trend of the hind wing is increasing.
4
Based on the results presented in Fig. 7,8 and results present in Table 1 , the hind wing with the 2 2 5 uniform reduced-modulus veins undergoes less bending deformation than hind wings with different 2 2 6 reduced-modulus veins. However, the bending deformations tendency of the four models are not 2 2 7 significantly different. The hind wing models with different and uniform reduced-modulus veins have 2 2 8 almost similar twisting deformation tendencies, and the hind wing with different reduced-modulus 2 2 9
veins has a larger twisting deformation than those with uniform reduced-modulus veins. The hind wing 2 3 0 models with different reduced modulus have a significant effect on the deformation. The bending and 2 3 1 twisting deformation of models with wrinkle structure are also larger than the others without wrinkled 2 3 2 structure. Thus, the wrinkled structure plays an important role on the flexibility of hind wing as well. As Fig. 9 shows, the model with real veins with wrinkles has a larger bending deformation than 2 4 6 that with veins that are assumed to be smooth circular pipes. The same load of force at the end of the 2 4 7 vein is used, 2.3×10 -4 μ N.
4 8
Based on the results present in Fig. 9 , the two vein models also have different bending 2 4 9
deformations. We observe that veins with wrinkles have a better deformation tendency and the 2 5 0 deformation of the smooth circular pipe is concentrated at the location where force is applied. However, and we find that this modulus averaging reduced the wing deformation. The variation ratio of the simulation results based on Model IV which has the lower deformation 3 2 8
in Table 2 . The hind wing with different reduced modulus a significant change than the one with 3 2 9 uniform reduced modulus. And the wrinkled structure plays a role on their deformation as well. But we 3 3 0
can find that the effect of reduced modulus is more notable. Thus, the reduced modulus and the 3 3 1 wrinkled structure common influence the deformation during flapping flight.
3 3 2 Table 2 3 3 3
The variation ratio of the simulation results. Manipulation of the geometry or modulus is an effective method to understand their functions 3 3 5
only when the effect of the manipulation on flight performance is appropriately evaluated in detail. The 3 3 6
hind wings are always passively deformed to control wing deformations, which can affect the flight 3 3 7 performance during flight (Rajabi et al., 2016; Jongerius and Lentink, 2010; Kesel et al., 1998;  3 3 8
Mountcastle and Daniel, 2009), so the hind wings has higher flexibility during wind.
9
Veins with wrinkles are found in the bending zone and allow the hind wing to fold (Haas and 3 4 0 Beutel, 2001) . As shown in Fig.9 , the maximum bending deformation of the vein models with wrinkles 3 4 1 is nearly 50% larger than those of the models of veins without wrinkles. The equivalent stress of the 3 4 2 vein models with wrinkles is larger than those of the vein models without wrinkles, so veins with 3 4 3 wrinkles help to unfold the hind wing. With the same force applied at the end of tube, the two models 3 4 4
have different total deformation. The same deformation of the two models illustrates that the value of F 3 4 5 on the vein with wrinkles is less than that of veins without wrinkles. The same force applied to veins 3 4 6
with different structures has different effects, and the maximal deformation of veins with wrinkles is 3 4 7 larger than that of veins without wrinkles, so veins with wrinkles also help to fold the hind wing. The 3 4 8
